Previous work has suggested that the primary time-dependent repolarizing current in human atrium is the transient outward current ('to), but interventions known to alter the magnitude of the delayed rectifier current (IK) affect atrial electrophysiology and arrhythmias in humans. To explore the potential role of IK in human atrial tissue, we used the whole-cell configuration of the patch-clamp technique to record action potentials and ionic currents in isolated myocytes from human atrium. A delayed outward current was present in the majority of myocytes, activating with a time constant ranging from 348±61 msec (mean±SEM) at -20 mV to 129±25 msec at +60 mV. The reversal potential of tail currents was linearly related to log [K+]0 with a slope of 55 mV per decade, and fully activated tail currents showed inward rectification. The potassium selectivity, kinetics, and voltage dependence were similar to those reported for IK in other cardiac preparations. In cells with both Ito and 'K, 'K greatly exceeded both components of Ito (Itot and 1to2) within 50 msec of a voltage step from -70 to +20 mV. Based on the relative magnitude of It. and IK, three types of cells could be distinguished: type 1 (58% [73/126] of the cells) displayed a large Ito together with a clear IK, type 2 (13% [17/126] of the cells) displayed only K, and type 3 (29% [36/126] of the cells) was characterized by a prominent Ito and negligible IK. Consistent differences in action potential morphology were observed, with type 2 cells having a higher plateau and steeper phase 3 slope and type 3 cells showing a triangular action potential and lesser phase 3 slope compared with type 1 cells. We conclude that IK iS present in a majority of human atrial myocytes and may play a significant role in their repolarization and that previously observed variability in human atrial action potential morphology may be partially due to differences in the relative magnitude of time-dependent outward currents.
lthough the development of the patch-clamp technique has allowed for more detailed characterization of the ionic mechanisms of repolarization of mammalian cardiac tissue, relatively little information is available regarding human cardiac myocytes. The time-and voltage-dependent transient outward current (Ito) is considered to be a major repolarizing current in human atrial cells, [1] [2] [3] [4] although other currents, like the acetylcholine-activated K' current and ATP-sensitive current, may also play a role under certain circumstances. [5] [6] [7] The inactivation of 'to in human atrial tissue is rapid,2 especially at physiological temperatures,4 and since action potential duration in this structure at normal resting rates is in the range of 200-300 msec,1'3,8-1 "'to would be expected to contribute mainly to the very early phases of atrial repolarization in humans.
The delayed rectifier K' current (IK), which is an important repolarizing current in other cardiac tissues and species,12-18 is believed to contribute, at most, to a minor extent to human atrial repolarization. 23 Escande et al' suggested that the shortening of the action potential duration observed in human atrial tissue after 'to inhibition by 4-aminopyridine (4-AP) could be explained by the activation of a delayed rectifier by the positive shift in plateau levels caused by 4-AP. However, voltage-clamp experiments were not performed in that study. Shibata et a13 found little evidence for 'K in human atrial myocytes studied at 23°C. While evaluating the kinetics of I,o at 37°C, 19 we consistently observed tail currents on returning to the holding potential after depolarizing steps. We designed the present experiments to 1) determine the occurrence and properties of 'K in human atrial myocytes and 2) examine the relative magnitude of 'to and IK as a function of time after depolarization at physiological temperatures. The results suggest that IK is present in a majority of human atrial myocytes and may play a more important role in repolarizing human atrial tissue than has been previously appreciated.
Materials and Methods

Isolation of Single Atrial Cells
Specimens of human right atrial appendage were obtained from the hearts of 14 patients (59±4 years old) undergoing aortocoronary bypass surgery. The procedure for obtaining the tissue was approved by the Ethics Committee of the Montreal Heart Institute. Samples were quickly immersed in nominally Ca2`-free Tyrode's solution (100%02, 37°C) containing (mM) NaCl 126.0, KCl 5.4, MgCl2 1.0, NaH2PO4 0.33, dextrose 10.0, and HEPES 10.0, pH adjusted to 7.4 with NaOH. The myocardial specimens were chopped with scissors into cubic chunks and placed in a 25-mL flask containing 10 mL Ca2+-free Tyrode's solution. The tissue was gently agitated by continuous bubbling with 100% 02 and stirring with a magnetic bar. After an initial 5 minutes in this solution, the chunks were reincubated in a similar solution containing 390 U/mL collagenase (CLS II, Worthington Biochemical Corp., Freehold, N.J.) and 4 U/mL protease (type XXIV, Sigma Chemical Co., St. Louis, Mo.). The first supernatant was removed after 45 minutes and discarded. The chunks were then reincubated in a fresh enzyme-containing solution. Microscopic examination of the medium was performed every 15 minutes to determine the number and quality of the isolated cells. When the yield appeared to be maximal, the chunks were suspended in a solution containing (mM) KCl 20, KH2PO4 10, glucose 10, glutamic acid 70, /3-hydroxybutyric acid 10, taurine 10, and EGTA 10 along with 1% albumin (pH was adjusted to 7.4 with KOH) and gently pipetted.
Only quiescent rod-shaped cells showing clear cross striations were used. The resting membrane potential as measured in 50 cells ranged from -55 to -76 mV with an average of -64±1 mV. A small aliquot of the cellcontaining solution was placed in a 1-mL chamber mounted on the stage of an inverted microscope. Five minutes was allowed for cell adhesion to the bottom of the chamber, and then the cells were superfused at 3 mL/min with a solution containing (mM) NaCl 126.0, KCI 5.4, MgCl2 0.8, CaCl2 1.0, NaH2PO4 0.33, HEPES 10.0, and glucose 5.5; pH was adjusted to 7.4 with NaOH. The bath temperature was maintained at 36°C with a temperature controller device (N.B. Datyner, Stonybrook, N.Y.).
Data Acquisition
The whole-cell patch-clamp technique was used to record ionic currents and action potentials in the voltage-and current-clamp mode, respectively. Borosilicate glass electrodes were filled with (mM) KCl 130.0, MgCl2 1.0, HEPES 10.0, EGTA 5.0, Mg2-ATP 5.0, and Na2creatine phosphate 5.0 (pH was adjusted to 7.4 with KOH) and connected to a patch-clamp amplifier (Axopatch 1-D, Axon Instruments, Burlingame, Calif.). In selected experiments, electrodes with tip resistances below 4 Mfl were used. However, rundown of IK was very rapid when low-resistance electrodes were used, with approximately 70% reduction in current amplitude within 10 minutes. Therefore, most of the results were obtained with electrodes having tip resistances from 5 to 10 MQk. Command pulses were generated by a 12-bit digital-to-analog converter controlled by PCLAMP software (Axon Instruments). Recordings were filtered at 1-kHz bandwidth, and series resistance was compensated. Membrane potentials or currents were stored on VHS tape using an analog-to-digital board (Medical Systems Corp., Greenvale, N.Y.) and simultaneously digitized (model TM 125, Scientific Solutions Inc., Solon, Ohio) and stored on the hard disk of an IBM AT-compatible computer.
Tyrode's solution. Mean seal resistance averaged 37.6±2.1 Gfl. Several minutes after seal formation, the membrane was ruptured by gentle suction to establish the whole-cell configuration for voltage clamping. The series resistance (Rs) was electrically compensated to minimize the duration of the capacitive surge on the current recording and the voltage drop produced across the clamped cell membrane. Rs along the clamp circuit was estimated by dividing the time constant obtained by fitting the decay of the capacitive transient by the calculated membrane capacitance (the time integral of the capacitive response to 5-mV hyperpolarizing steps from a holding potential of -60 mV).20,21 Before Rs compensation, the decay of the capacitive surge was expressed by a single exponential having a time constant of 542±50 gsec (cell capacitance, 83.6±6.4 pF). After compensation the time constant was reduced to 160±10 ,usec (cell capacitance, 74.6+0.8 pF). The initial Rs was 6.5±1.2 Mfl, and Rs was reduced to 2.1±0.7 Mfl after compensation. Currents recorded during this study did not exceed 1.4 nA, and the maximum total current at the time of steady-state 'K was <800 pA. Therefore, the voltage drop across Rs never exceeded 3 mV. Cells with significant leak currents were rejected. Residual leak currents were compensated by subtracting a current linearly scaled and opposite in polarity to the current response to a sequence of 5-mV hyperpolarizing pulses.
The length of single cells ranged from 75 to 100 gm (89.8±0.1 ,um), and the diameter ranged from 6 to 10 ,um (8.9±0.1 gm): the estimated cell surface area was therefore 2.6±0.03x 10-5 cm2, assuming right cylinder geometry. The input resistance (Ri) was determined from the response to 5-mV hyperpolarizing steps from a holding potential (HP) of -60 mV. Since no timedependent current was activated with these small steps, the resulting change in current was used to calculate Ri.22 Mean Ri, in 14 cells was 1.51±0.02 Gf. The resting space constant was calculated based on the following equation: sc=V(r. Rm/2Ri), where sc is the space constant, r is the cell radius, Rm is specific membrane resistance, and Ri is internal resistivity.22 Rm was estimated from the product of Ri, and surface area, providing a mean value of 39.4±0.4 kfQcm2, and Ri was assumed to be 100-200 £kcm. 14, [22] [23] [24] The mean resting space constant is 2.95 ± 0.02 mm when Ri= 100 Q-cm and 2.09 ±0.02 mm when Ri=200 fQ-cm. Both values are over 20 times cell length. To estimate the space constant during maximum current flow (at the time of peak 4-AP-sensitive 'to [Itol] conductance), Rin was obtained from the slope of the current-voltage relation for peak 'tot on depolarization from an HP of -70 mV. The space constant estimated in this fashion is between 540 and 770 ,nm. Assuming a minimum space constant of 600 ,um, the maximum voltage error during peak 'to at the end of a cell with a suction pipette at the midpoint would be 7.5%. These estimates of the space constant are, if anything, underestimates, since membrane infolding results in a true surface area larger than that of a right cylinder. In fact, the surface area estimated on the basis of a specific capacitance of 1 ,tF/cm2 is approximately twice as large as the value given above, in agreement with histological studies in rabbit atrium. 25 The 4-AP-sensitive component of the transient outward current ('tot) was inhibited, when needed, by the use of 2 mM 4-AP (Sigma).2,26,27 In some experiments, Junction potentials (2-14 mV) were zeroed before formation of the membrane-pipette seal in 1 mM Ca 21 Recordings from a representative cell that were obtained using a relatively low-resistance (4-Mfl) electrode. IK was elicited by 2,000-msec depolarizing pulses at 0.1 Hz to potentials ranging from -50 to +60 mV, from a holdingpotential of -70 mV Na+, Ca 2+, and transient outward currents were abolished by replacing NaCl with isotonic choline chloride (126 mM) and adding CoC12 ( 10 mM tetraethylammonium chloride (TEA, Sigma) was used to inhibit IK.26 COC12 (2 mM, Sigma) was added in all experiments (except during action potential recording and experiments studying the brief outward current [Ito21), since the presence of Ca 2+ current (ICa) can confound the interpretation of time-dependent outward currents.28 In experiments involving HPs negative to -50 mV, NaCl (126 mM) was isotonically replaced by choline chloride (126 mM, Sigma) to prevent contamination of outward currents by Na+ current (INa). The substitution of choline for sodium did not produce any qualitative changes in the currents observed. To exclude direct activation of muscarinic receptors by choline, currents were measured in five cells before and after the addition of atropine (100 nM), and no significant changes were observed. Data Analysis Comparisons among groups were performed by analysis of variance with Scheffe contrasts. A nonlinear leastsquares curve-fitting program (CLAMPFIT in PCLAMP) was used to fit the inactivation of '10 and the activation and deactivation of IK. Baseline and drug data were compared by Student's t test, and a two-tailed probability of +5% was taken to indicate statistical significance. Group data are presented as mean+SEM.
One disadvantage of working at a physiological temperature is that the rundown of IK is accelerated. We found that a steady-state decrease in IK amplitude was achieved approximately 10 minutes after rupture of the membrane, at which time the mean reduction in tail amplitudes relative to initial values was 42+12%. Thereafter, little change occurred, with the reduction in IK tail currents after 30 minutes averaging 46±5% (relative to initial values after membrane rupture). Therefore, experiments designed to study 'K were begun 5-10 minutes after rupturing the membrane.
Results
Voltage and Time Dependence of IK in Human Atrium
A total of 126 cells obtained from 14 different preparations were studied, and 86 cells (68%) displayed a delayed outward current with features characteristic of IK. In Fig 1, panel A shows a typical example of 'K recorded with an electrode having 4-Mfl tip resistance. Currents were elicited by 2,000-msec depolarizing pulses to various test potentials from an HP of -70 mV. INa, Ilc, and 'to were suppressed by isotonic replacement of sodium chloride by choline chloride and by adding CoCl2 (2 mM) and 4-AP (2 mM) to the superfusate. Panel B shows the voltage dependence of 'K activation as determined from analysis of tail currents elicited with the voltage protocol shown in panel A. The curve shown is the best-fit Boltzmann function, given by 1/[1+exp(Vm-Vi,2)/k], where Vm is membrane voltage, V1/2 is half-activation voltage (+ 1.2 mV), and k is the slope factor (13.6 mV). The activation of 'K was well described by a monoexponential function (panel C; r, always >0.99), and the time constant of activation of the current decreased from 348±61 msec at -20 mV to 129±25 msec at +60 mV (panel D). The amplitude of the current (measured from the instanta-A C neous value after the decay of the capacity transient to the current at the end of the depolarizing pulse) increased with increasing depolarization from 65±4 pA at -20 mV to 331±26 pA at +60 mV (panel D). Deactivation kinetics were also well fitted by a monoexponential function, with a time constant of 162± 18 msec at -30 mV (n=9 cells).
Selectivity for Potassium and Rectification Properties
The selectivity of IK in human atrial myocytes was examined by measuring the reversal potential (Erev) of tail currents in the presence of three external K' concentrations. The membrane was depolarized from -60 to +20 mV for 1 second and then repolarized to various test potentials (Fig 2A) . In The cell was first depolarized to +50 mV for 1,000 msec and then repolarized to various test potentials between -120 and + 10 mV. Tail currents were measured as the difference between initial and final values at the test potential and corrected for incomplete deactivation by dividing by (1-aTp/a+50), where aTp and a+50 are the activation variables ( Fig 1B) at the test potential and +50 mV, respectively. The current is linearly related to voltage between -120 and -60 mV but shows considerable inward rectification at more positive test potentials.
Nonetheless, because 'K may consist of more than one component (see "Discussion"), the significance of such rectification should be interpreted with caution.
Envelope of Tails
A typical envelope of IK tails is presented in Fig 3A . Currents were elicited by depolarization from -70 to +50 mV with pulses ranging from 50 to 2,800 msec in duration, and tail currents were recorded on repolarization to -30 mV. Tail current (IKtaiil) increased more rapidly than the developing current (IKtep). The average ratio of IKtaill/Ktep as determined in five cells was 7.40±0.37 after a 50-msec pulse but gradually decreased to a steady-state value (0.46±0.10) as pulse duration increased ( Fig 3B) .
Repolarizing Currents and Action Potential Morphology
From the 126 cells randomly selected for this study, at least three different cell types could be identified on the basis of outward currents, as illustrated at the left of with the protocol shown in the inset. IK was activated by a 1,000-msec pulse to +50 mV, and tail current was measured during subsequent 500-msec repolarizations to test potentials (TPs) between -120 and +10 mV Tail currents were adjusted for incomplete deactivation, as described in the text.
Results are mean±SEMfrom three cells.
To quantify these differences in ionic currents among cells, we determined the ratio of IK/Ito on depolarization from -70 to +20 mV for 300 msec. IK was the activating current measured as the difference between the initial current after the decay of the capacity transient and the current at the end of the test pulse. Ito was measured as the difference between the peak of ',O and the steadystate current after full inactivation. Since type 1 cells contain both IK and It,, it is difficult to define the magnitude of each based on the type of current recordings shown at the left of Fig cells, IK was measured before and after the addition of within 30 msec in a 4-AP (2 mM), and It, was measured before and after the time constant of addition of TEA (10 mM). Short (10-15-minute) expo-implying that over sure of cells to TEA was found to block IK tail current by underlying phase I 82±7% (p<0.001) without significantly altering IO Action potentia (mean change, -3±5%;p=NS). The IKI,to ratios shown phology and relatiP for type 1 cells in Fig 4 are those obtained in the 4A, middle) were r absence of blockers but are in the same range as ratios 1K/,to ratio in thes based on measurements of IK and 1,, in the presence of voltage averaged -4-AP and TEA, respectively. repolarization was Differences in action potential morphology were also contrast, type 2 c noted among cell types, as shown in the middle of Fig 4. rectangular morph We characterized action potential features by 1) mea-positive plateau le suring the slope of phase 3 repolarization by fitting a type 1 cells), and tangent to the steepest portion of phase 3 repolarization 1.5 ±0.07 V/sec; p< (as an index of repolarization rate) and 2) measuring ratio in these cell membrane potential 30 msec after the upstroke of the potentials of type action potential (as an index of plateau height). The duration, a low I rationale for the latter was that phase 1 was completed versus type 1 cells O1.0±0.08 V/sec (Fig 4A, right) . In cells ( Fig 4B, middle) had a more tology, no initial notch, a slightly more evel (mean, 1+3 mV; p=NS versus steep phase 3 repolarization (slope, <0.01 versus type 1 cells). The 1K/1to
Is was >100 (Fig 4B, right) . Action Bargraph showing individual distribution ofthe three cell typesfor the 11 patientsfrom whom at leastfour cells were studied. Numbers in parentheses indicate the number of atrial cells. Except for patients 6 and 9, all atrial specimens displayed the three different cell types presented in Fig 4. On average, type 1 (58±3%) and type 3 (27±4%) were most frequently encountered.
(slope, 0.36±0.06 V/sec; p<0.01 versus type 1 cells).
The 1K/,to ratio in these cells was <0.01. In general, the larger the IK/Ito ratio, the steeper was the phase 3 repolarization and the more positive the plateau voltage. Although the current ratios differed among various cell types, other properties of observed currents were similar. For example, the V1/2 for IK activation in type 1 cells averaged 1.1±0.1 mV, not significantly different from the V1/2 of IK in type 2 cells (1 .3±0.1 mV) .
Similarly, the activation V1/2 for 1,01 averaged 13.4±1.4 mV in type 1 cells and 14.8±0.8 mV in type 3 cells (p=NS). There was no apparent relation between the current ratios or action potential properties and cell size or shape.
Except for one patient in whom no type 3 cells were found (n=7 cells from this preparation) and another two in whom no type 2 cells could be identified (n=8 cells in one patient and n=3 cells in the other), the myocytes studied from the atrial preparations of the remaining 11 patients displayed a similar distribution pattern in their outward currents. Fig 5 shows the distribution of cell types among 11 patients in whom at least four cells were examined (results from three patients with three cells or less are not shown, since the small numbers of cells per patient make the distribution less meaningful). Within the population of cells studied from all 14 patients, 58±3% of the cells in each patient were of type 1 (both 1,, and lK present), 13±3% were of type 2 (1K present, ItO absent), and 29±4% (36 of 126 cells overall) were of type 3 (a large 'to and no lK).
Relative Time-Dependent Amplitude of IK and I,, in
Cells Displaying Both Currents
To gain further insight into the dynamic contribution of the repolarizing currents of type 1 atrial myocytes, we studied the time and voltage dependence of 1,0 and IK over a 300-msec pulse duration to mimic the duration of human atrial action potential duration.13,-81 Currents were elicited by depolarizing pulses to various potentials from an HP of -70 mV.
Two types of 'to have previously been described27,29-31: 1)1101, a longer-lasting outward current carried mainly by K' ions, which is suppressed by 4-AP, and 2) 1to2, a brief outward current possibly carried by Cl-,21,29 which per-sists in the presence of 4-AP and is inhibited by Ca2' channel blockers such as Co2'. Experiments were performed to determine the potential contribution of both 'tol and '102. Because lto2 may depend on intracellular Ca21 concentrations, experiments were performed with (n =5) or without (n=7) EGTA in the pipette, and similar results were obtained. Analog data from one type 3 cell are shown in Fig 6A. In the presence of 2 mM Co2' and the absence of 4-AP, there is no inward current, and a typical '101 current, with rapid activation and slower inactivation,2,27 is seen. When Co2+ is removed and 4-AP is added, an initial inward current is followed by a brief outward current characteristic of '102.227 The addition of caffeine (10 mM), to block sarcoplasmic reticulum Ca21 release, completely inhibited 't02 in this and in all nine other cells studied, leaving only an inward 'Ca as previously reported.229 When both 4-AP and Co2' are present, time-dependent outward currents are abolished, and there is virtually no outward current elicited by depolarization from -70 to -20 mV.
Mean data for the time course and maximum amplitude of 'tol, Ito2, and IK are shown in Figs 6B and 6C . The results shown for 'tol and 1102 were obtained in 14 and 12 cells, respectively; 'K was studied in seven cells. 1101 was measured in the presence of Co2+ (to block ICa and Ito2); Ito2 was measured in the presence of 4-AP (to block Ito,) and in the absence of CO2+. 'K was measured in the presence of Co2+ (to block Ica and 1102) and 4-AP (to block It'1). 4 -AP had no effect on IK, as assessed from the amplitude of tail currents. Ito1 reached its maximum amplitude within 6.6+ 1.0 msec at -10 mV and 3.9±0.8 msec at +20 mV and then inactivated very rapidly. The current declined to half of its maximum amplitude after 9 msec and was completely inactivated after 60 msec. Inactivation was well described by a monoexponential function, with time constants of 19.1+2.6 and 10.2±0.6 msec at -10 and +20 mV, respectively. In contrast to 1o1, IK developed more slowly and did not inactivate.
During the first 25 msec, 'to1 was the primary outward current, and lK was relatively small (Fig 6B) . Thereafter, however, IK exceeded Itol, with an amplitude in the range of 200 pA within 100 msec. These results suggest that, although Itol can contribute substantially to repolarization during the very early phases of the action potential, IK is likely to be much more important during phase 3 repolarization. When measured at -10 and + 20 mV, '1o2 reached its peak amplitude in 9.1+0.9 and 5.8±0.7 msec, respectively, and was completely inactivated within 30 msec ( Fig 6B) . In 11 cells studied, the time constant of '1o2 inactivation was 8.1+±0.4 and 5.2+0.5 msec at -10 and +20 mV, respectively. As in previous studies,29 '1o2 was difficult, if not impossible, to separate from lCa, hampering our ability to measure a reliable peak amplitude. Therefore, we chose not to further characterize the properties of this current, which because of its very rapid inactivation can contribute only to very early repolarization.
Discussion
We have shown that IK is present in approximately two thirds of myocytes from human right atrial appendages. The amplitude and kinetics of this current suggest that it may play a role in repolarizing human atrial tissue and that, when present, it is more likely to participate in phase 3 repolarization than is IO. Comparison With Other Studies of Repolarizing Currents in Human Atrium Previous studies have not suggested an important role for IK in human atrial cells.23 However, these studies were all performed at room temperature, and in our experience, the amplitude of IK is much smaller at room temperature than at 36-37°C. Small IK tails are present in some recordings (Fig 2) in the article by Escande et al,2 and one current tracing (fourth from top in Fig 2) of Shibata et a13 also suggests lK. Even in our studies, the peak amplitude of It, was substantially greater than that of IK ( Fig 6B) , so that unless the appropriate conditions are used (physiological temperature, Ca>2 channel blockade), the contribution of IK can easily be overlooked.
Studies of cDNAs for two voltage-gated K' channels in human heart tissue suggest that mRNA coding for a delayed-rectifier type of channel (designated HK-2) is more abundant in human atrium, whereas the mRNA product of a different gene coding for a spontaneously inactivating K' channel (HK-1) is slightly more common in human ventricle.32 Similar K' channels have also been cloned from rat hearts,33,34 and a possible functional equivalent has been identified in rat atrial cells. 35 More recent expression studies of human HK-2 DNA in a mouse cell line indicate that the channel encoded is a delayed rectifier36 with faster activation kinetics than the 'K we studied. Either the kinetics of the cloned channels are more rapid because of some property of the expression system, or the DNA coding for the IK that we studied is not HK-2. DNA coding for a structurally distinct 'K channel carrying current more similar to the classical cardiac IK has been cloned from neonatal rat heart.37
Comparison With the Delayed Rectifier in Other Systems
The K' selectivity, kinetics, and voltage dependence of IK in human atrial myocytes resemble those previously reported in other cardiac preparations. [13] [14] [15] [16] [17] [18] [38] [39] [40] We found that IK in human atrial myocytes fails to satisfy the envelope-of-tails test. Noble and Tsien38 originally showed that 'K in sheep Purkinje fibers fail to satisfy the envelope-of-tails test and related this observation to two kinetically distinct current components that they designated lx, and Ie. Subsequent workers have suggested that the complex kinetics of 'K could be related to accumulation and depletion of potassium in intracellular clefts41 or to the existence of multiple closed states of a single channel. 42 the response to a novel class III drug, E-4031. We have presented preliminary evidence45 indicating that IK in human atrium is partially blocked by E-4031 and that the E-4031-sensitive and -resistant currents share similarities in terms of kinetics, voltage dependence, and rectification properties with the currents described by Sanguinetti and Jurkiewicz in guinea pig tissues. Because of the complexities of potential voltageand time-dependent block by class III drugs, as well as the limitations of inferences drawn from subtracted current recordings, further information is necessary to clarify the mechanisms underlying these aspects of the behavior of 'K in human atrial myocytes.
Relation Between Action Potential Morphology and Repolarizing Currents
The existence of cells with different action potential morphologies in human atrial tissues has long been recognized. 46 Although some of the differences in reported morphologies may be due to age-related changes in ionic currents, variability in action potential morphology remains, even among preparations exclusively from adults.1', Detailed studies have shown important regional differences in action potential morphology in adult canine atrium,47 with variations observed even in regions in spatial proximity. Differences in superfusate flow, electrotonic interactions, and vagal tone did not account for action potential variability.47 The most common cell types in our preparations (types 1 and 3) correspond to types described in previous studies of human atrial electrophysiology. 1, 11, 46 We were able to subdivide human atrial myocytes into three distinct types based on the relative magnitude of time-dependent repolarizing currents (Fig 4) . Consistent differences in action potential morphology were noted among cell types, with significantly more rapid phase 3 repolarization among cells with a more important IK. Since It. inactivates rapidly and the maximum activation of 'K corresponds temporally to the timing of phase 3, a larger 'K may result in a larger repolarizing current at the end of the plateau.
Potential Significance
Our findings provide potential new insights into the ionic mechanisms of atrial repolarization in humans. IK, a major repolarizing current in a variety of cell types, has heretofore been considered absent in human atrium. Our results indicate that IK is present and that it is more likely than I, to play a role in phase 3 repolarization. Action potential duration is a major determinant of the refractory period, which in turn plays a substantial role in governing the likelihood of reentrant arrhythmias.48 Our observations suggest that 'K blockade could increase atrial action potential duration and prevent reentrant atrial arrhythmias in humans. Indeed, a variety of drugs that selectively block IK49-51 are effective in the clinical treatment of reentrant atrial arrhythmias.52 Autonomic tone is an important regulator of cellular electrophysiology and arrhythmia occurrence.48 f3-Adrenergic receptor stimulation may reduce human atrial action potential duration by enhancing 'K, as in other tissues in which adrenergic stimulation Variability in atrial action potential morphology has long interested electrophysiologists and may contribute to atrial arrhythmogenesis by causing dispersion in atrial refractoriness. Our results suggest that some of the differences in action potential morphology and duration among atrial cells may be due to variations in the relative magnitude of time-dependent outward currents. The role of variations in other currents (e.g., inward and background currents) remains to be established, along with that of extrinsic factors determining the expression of various currents in a given cell.
Potential Limitations
Our studies were limited to small samples of right atrial appendages removed at the time of cardiac surgery. Although this is a limitation affecting virtually all studies of human atrial electrophysiology in vitro, it must be recognized that time-dependent outward currents may show some differences in other regions of the human atrium.
In most experiments, ICa and 'to. were blocked with Co2+. The complex effects of divalent cations, both on 'to57 and on IK 58 should be kept in mind when interpreting our results. The relative magnitude of IK and Ito could conceivably have been affected by such divalent ion effects.
Rundown of ionic currents is always a potential problem in whole-cell voltage-clamp studies. We minimized time-dependent changes by studying IK after rundown had reached steady state, 10 minutes after membrane rupture; however, the amplitude of 'K was reduced by approximately 45% relative to initial currents recorded after membrane rupture, so that native IK is likely approximately 80% larger.
A final limitation is that we have restricted our analysis to the time-dependent outward currents, 'K and Ito. Instantaneous outward current "jumps" and residual outward currents after full 1,0 inactivation in cells lacking IK suggest that there may be an additional type of outward current in these cells. We have made preliminary observations suggesting that this current is carried by potassium ions via background or very rapidly activating K' channels.5960 The nature of these channels and their potential role in repolarizing human atrial myocytes remain to be elucidated in more extensive studies.
Conclusions
We have shown that human atrial myocytes frequently possess IK at physiological temperatures. The magnitude and kinetics of this current suggest that it may be important in governing action potential duration. Its role needs to be considered in order to understand the underlying basis of the rate dependence of action potential duration, intercellular variability in action potential morphology, and the pharmacological control of repolarization and arrhythmias in the human atrium.
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